Introduction
From the perspective of clinical medicine, it is at once both fascinating and daunting to consider the implications of rapidly unfolding research under the broad term of microbial ecology. It is now evident that animal life cannot be viewed as functionally separate to the organisms that live in symbiosis with it [1, 2] . Rather, life can be viewed through the lens of the holobiont, that is, the multicellular eukaryote and the inseparable colonies of persistent symbionts which together form a critically important unit of anatomy, physiology, immunology, growth, and evolution. At the very least, the host plus its microbiome (microbiota and their collective genomes) can be regarded as an ecological community [3] .
To give perspective to this profound contemporary shift in biological thinking, we need to only consider that the protein-coding genes derived from Homo sapiens are far short of the totality of DNA on and within the body. Much of this genetic differential is accounted for by the sizeable gene contributions of microorganisms [4] . Importantly, these microbial genetic contributions are functional and include activities that influence nutrient absorption, protection against pathogens, maintenance of barriers to the outside environment, and the manufacture of chemicals necessary for survival. Microbial contributions also extend to functional interactions with environmental chemicals (xenobiotics) [5] .
Advances in microbial identification have cast light on complex ecosystems in cutaneous, gastrointestinal (GI), oral, 2 International Journal of Biodiversity respiratory, vaginal, and other anatomical locations [6] . There is a greater appreciation of the functional relationships within this ecological theatre, that is, the ways in which specific microbes (and the overall microbiome) influence, and are influenced by, human health and disease. This allows optimism that translation of this knowledge will give greater emphasis to prevention and transform personalized clinical medicine [7] . Possibilities in this optimistic view include the idea that "targeting the microbiome" might be clinically relevant to mental health [8] .
With this background, it is logical that the biological elements within the biopsychosocial paradigm (the simultaneous attendance to biological, psychological, and social dimensions of illness [9] ) will take center stage in this new era. For the most part, the microbiome therapeutics, at least from the dominant biomedical model, translates into the promise of microbe-based biotechnical interventions (or agents that directly/indirectly influence microbes) [10, 11] . There is undeniable promise in these translation efforts.
However, it is our contention that oft-overlooked environmental factors which push against microbial diversity, including those that are a product of modernity as described in detail later, are also vital to the success of its future biotechnical interventions. This, we argue, is especially true in complex mental disorders. If we accept the holobiont view that humans are multispecies organisms, then we must also accept that we operate within an ecological theatre. That is, we are not disconnected, clinically, from larger aspects of ecology.
Our aim here is to provide an interdisciplinary vantage point from which these envisioned near-future clinical approaches can be viewed in the larger contexts of biodiversity and ecosystems. The essentiality of global biodiversity, the variety of species, their genetic contribution, and the ecosystems they form, for human health and well-being, including mental health, is unequivocal [12, 13] . However, the topic of biodiversity and ecosystems can be set into silos that seem far removed from clinical relevancy. Advances in the study of the microbiome (a topic that exemplifies discussions of diversity and ecosystems) have unified disciplines and are shedding light on why biodiversity matters to healthcare [14] .
Using mental health as a surrogate of total human health, we define a bio-eco-psychological perspective to underscore that clinical discussions of cutaneous and/or gut microbial ecosystems are also connected to external environments. As with ecosystems on the grand scale, the available evidence indicates that diverse microbial ecosystems in human niches are associated with states of health. We argue that ecological aspects of health are now poised to become an important consideration in the new frontiers of medicine with the microbiome in mind.
Our focus on mental health is based on its relevancy to virtually every aspect of clinical and public health medicine. As the World Health Organization (WHO) appropriately states, there is "No Health without Mental Health," and conversely, mental health is often compromised in the absence of physical health [15] . The bidirectional linkage between mental disorders and noncommunicable diseases has been the subject of volumes of research.
Microbiota and the Table of Health
The history of the genus Homo is a story of coevolution with microbes. For some 3 million years, commensal microbes have established their ecological niches on and within us. The Latin roots of the term "commensal" (com, together; mensa, table) underscore the fact that we eat at the same table, as a family and without injury. Commensal is thus defined elegantly in a 19th century dictionary: term used in regard to an animal living like the messmate of another, that is, sharing the food of his host without being parasitic upon him [17] . Later, we will discuss the potentially injurious ways in which westernization has changed what we and our messmates, commensal microbes, actually "eat."
First, and to more fully appreciate how microbiota of modernity may compromise evolutionary-rooted immune functioning, it is important to briefly review how and in what ways microbiota contributes to health under normal circumstances. These benefits may be described as ecosystem services; in addition to the "education" of the immune system, they include, but are not limited to, protection against pathogens, maintenance of barriers to the external environment (e.g., cutaneous structures and intestinal mucosa), nutrient extraction, production of vitamins, transformation of dietary phytochemicals, lipid metabolism, provision of short chain fatty acid, and a host of other potentially bioactive metabolites, as well as the metabolism of xenobiotics [18, 19] .
The critical role of commensal microbes in health has been gleaned by observing the consequences of disturbing normal microbial ecosystems (e.g., through antimicrobial use, dietary changes (discussed in more detail later)). Dysbiosis is defined technically as "difficult living" or "life in distress"; given biodiversity losses, climate change, rapid urbanization, and other threats to ecosystems, it has been argued that dysbiosis is an apt descriptive at the global level [20] . However, dysbiosis is most commonly used as a single word to define disruptions to the structure of complex commensal microbial communities. Generally, the perturbations involve at least one or a combination of the following: loss of beneficial microorganisms and/or the expansion of potentially harmful microbes and/or the loss of overall microbial diversity [21] . Beyond manipulated dysbiosis, remarkable studies involving germ-free (GF) and specific-pathogen-free (SPF) animals have long since demonstrated that microbial colonization and diverse ecosystems can influence the immune system, behavior, and even neurotransmitter availability in the brain [22] [23] [24] . GF models allow for evaluations of the introduction of single or multispecies of bacterium, and the use of germ-free mice with specific genetic traits facilitates gene and microbe evaluations. SPF models include commensal bacteria but are absent known pathogens that could otherwise cause overt or subsyndromal infections [25] .
Normal Contours and Abnormal Drifts of the Microbiome
Emerging research is illuminating the ways in which the gut microbiome is established. There is little doubt that the shaping of the microbiome in early life, and the ways in which this International Journal of Biodiversity 3 shaping may be influenced by stress (to be discussed later), dietary patterns, antibiotic exposure, and other ecological factors, is an epic story that may influence NCD risk over the life course [20] . The rapidly expanding research under the developmental origins of health and disease (DOHaD) rubric demonstrates the long-term consequences of these early life environmental exposures. The long-held dogma that (notwithstanding specific infection or inflammation) human fetuses are contained in a sterile environment has recently been challenged. It is evident that bacterial exposure across the placental barrier is possible, likely via gut epithelium translocation, oral microabrasions leading to systemic microbial access, or other undetermined pathways [26, 27] . Researchers are now examining the ways in which this ultra-early microbial exposure might influence pregnancy outcomes and subsequent immune responses [20] .
Through the first 1000 days of life outside the womb, the stability and diversity of intestinal microbiota are increased [26] , taking on an adult-like community structure. However, there are distinct compositional and functional characteristics to the preadolescent gut microbiome, and these reflect a supportive role in rapid growth and development [28] . Gestational age (preterm versus term), antibiotic exposure, delivery mode (vaginal versus caesarean-section), breast versus formula feeding, introduction of solid foods (and types of foods), and genetics can influence microbial colonization.
Four primary phyla-Actinobacteria, Proteobacteria, Firmicutes, and Bacteroidetes-and several hundred species (per person, per fecal sample [29] ) help define the adult intestinal ecosystem. Firmicutes and Bacteroidetes reign numerically within the phyla, and early evidence suggests that an expansion of Proteobacteria may be an indicator of dysbiosis. On the other hand, genus-level Bacteroides and Prevotella may reflect a healthier state [30, 31] .
There are other indications that certain microbes may emerge as early life indicators of long-term risk to health. For example, the relative abundance of the bacterial genera Lachnospira, Veillonella, Faecalibacterium, and Rothia during the first three months of life has been linked to a decreased risk of subsequent asthma. Evidence of causation is inferred when these microbes are supplemented in a germ-free animal model to demonstrate reduction in airway inflammation in adult offspring. However, there may be critical windows in early life where these microbial differences (i.e., those related to subsequent risk) are apparent [32] . With immune priming via microbes, these windows may also exist for mental health outcomes.
Although it remains unclear what constitutes an ideal gut (or other niche) microbial composition, there are now many studies pointing toward altered gut microbiota as a possible contributor to many, if not most, NCDs. Proof of causation remains elusive. However, the idea that an altered microbiota (or microbiome) may be a "transducer" organ responsible for signaling low-grade inflammation and metabolic dysregulation is well supported in animal models [33, 34] .
Asthma and depression do not occur randomly in populations and are instead associated with socioeconomic disadvantage. Along with allergic diseases in general, they are linked to epidemiological transitions [35, 36] . Thus, the preclinical research forces some questions: what lifestyle factors might be pushing alterations in human-associated microbial ecosystems and diminished gut bacterial gene richness? Are the risks of altered microbiota equal among all socioeconomic groups, or are they slanted to more vulnerable populations? How can we prevent alterations to microbial ecosystems from happening in the first place?
Dietary Patterns, Hygiene, and Dysbiotic Drift
Research concerning epidemiological transitions and westernization (accompanied by expansion of highly processed foods, fast-food availability, circadian disruptions, lowered physical activity, and other lifestyle variables) indicates that other NCDs including mental disorders will follow the global trends witnessed in allergic diseases [37, 38] . Adherence to healthy, traditional dietary patterns such as the Mediterranean diet can lead to important shifts in intestinal microbiota and higher fecal short chain fatty acid (SCFA) production [39] . In addition to nutrient-induced influences, diminished food processing associated with traditional diets (local, farm-to-table) may place the consumer in contact with the estimated 35% of all lactic acid bacteria isolated from raw fruits and vegetables that can survive gastric conditions [40] . This may help explain the connection between such dietary patterns and reduced risk (or conversely, increased risk with highly processed foods) of depression, asthma, allergies, and other NCDs [41] [42] [43] .
The future relevancy of ecosystems in the clinic is evidenced by the findings that even short-term dietary changes can influence genus and species level microbes [44, 45] . Research shows significant increases in bacterial gene richness after increased consumption of fruits, vegetables, and dietary fiber; this highlights that diet influences microbial function and, hence, host-microbe relations [46, 47] . Support for the functional importance of bacterial gene richness is evident in its association with reduced risk of NCDs and biomarkers of chronic disease such as insulin resistance and lipidemia [48] .
The turn from traditional lifestyles and adoption of westernization are not a zero-sum game. There is a continuum whereby there is an absence of traditional early life exposures that could otherwise work toward proper immunemicrobiota relations (i.e., immune system education and long-lasting epigenetic influences) [49] and the presence of detrimental exposures that contribute to what has been referred to as "dysbiotic drift" (i.e., a product of the cumulative environmental forces in westernized nations, particularly factors most confronted by vulnerable populations) [16] . Indeed, recent research from North America demonstrates reduced diversity of colonic microbiota (sampled via mucosal biopsy) among residents of lower socioeconomic status (SES) neighborhoods [50] . As expected, an opposite pattern can occur in developing nations where lower SES is associated with microbial diversity as it may represent adherence to more traditional lifestyle activities [51] .
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The hygiene hypothesis and its variants have traditionally focused on missing microbial exposures due to smaller family sizes, sanitation, and antimicrobial use [52] . The dysbiotic drift theory expands upon this and focuses on a slant whereby environmental contaminants, high-fat diets, food additives, advanced glycation end-products, sedentary behavior, circadian disruptions, and other aspects of westernized lifestyles place a heavier burden on socioeconomically disadvantaged populations. Both hygiene and the westernized lifestyle drift very likely work toward clinically relevant alterations in microbial ecology. However, as we will discuss shortly, changes in exposure or inequitable access to natural environments may also be a relevant factor.
It is difficult to discuss dysbiosis in the context of NCDs without bringing into the discourse the massive rise in global production, transport, and consumption of highly processed foods [53] . Available animal and human research shows that lack of fiber and phytochemicals and the presence of high sugar/refined fat may represent a significant threat to microbial diversity [54] . The loss of microbial diversity as a result of adoption of westernized dietary practices may even extend over generations [55] . It is therefore possible to theorize that dysbiosis is occurring at the individual and community level and that the commercial forces (and absence of policy) which drive a highly processed diet and a "dysbiosis by default" should be part of public health discourse ( Figure 2 ).
Stress, Microbes, and the Host
Recent human studies have supported the idea that psychological stress can contribute to dysbiosis [56, 57] . In a recent study, infants delivered by mothers with high cumulative stress (i.e., high reported stress and high cortisol concentrations during pregnancy) had significantly higher relative abundances of proteobacterial groups and lower relative abundances of lactic acid bacteria (i.e., Lactobacillus, Lactococcus, and Aerococcus) and Bifidobacteria. This pattern was associated with infant health complaints [58] . There are independent associations between prenatal (maternal) depressive and anxiety symptoms and subsequent signs of allergic disease among infants [59] ; therefore, a stressmicrobe-immune pathway to broad health complaints is highly plausible.
There are many acute and chronic ways in which stress could cause dysbiosis. For example, psychological stress can alter gastric secretions, motility, and other aspects of gastrointestinal physiology [60] . Stress can also lead to shifts in dietary patterns [61] . A turn to more highly processed foods (yet highly palatable; sometimes referred to as "comfort foods") may attenuate stress [62, 63] ; however, they may also cause dysbiosis [64] .
In addition, there are suggestions that dysbiosis can be mediated directly by stress hormones. For example, in experimental research the increased growth of commensal and pathogenic Escherichia coli (E. coli) can exceed 10,000fold in the presence of norepinephrine and the ability of gut microbiota to adhere to mucosal surfaces can also be influenced by the hormonal cascade of sympathetic outflow [65] .
Research is now shifting to the differential effects of stress on luminal versus intestinal mucosa-associated microbes [66] and neuroepithelial communication as a regulator of interactions between the intestinal mucosa and luminal bacteria [67] .
Just as there are bidirectional relationships between the abilities of low-grade inflammation to provoke mood disturbances (and vice versa), emerging research shows that immune disturbances/inflammation influence dysbiosis and vice versa [68, 69] . This is the central tenet to the inescapable notion that ecology will become relevant in clinic. In experimental research, horizons are moving beyond the mere documentation of psychosocial stress-induced dysbiosis. Through the use of computational approaches, researchers are now attempting to determine what the functional consequences of the disturbances might be, especially in the context of the metagenome [70] . Further discussions of stress and the immune-mood consequences of dysbiosis are presented below.
Moving from Biopsychosocial to Bio-Eco-Psychological
With the discovery of remarkable psychopharmacological agents (1949-1960) [71] , discussions of depression (and other mental disorders) as caused by biochemical disturbances began to take center stage [72] , and with scientific advances the once dominant Freudian concepts were more easily dismissed as pseudoscientific nonsense [73] . However, even early proponents of psychopharmacology warned colleagues "that there is more to psychopharmacology than the use of an adequate drug for the specific nosologic entity. There is a world of interaction, not only at the patient-doctor level, but in multiple facets of life itself," stating further that "we believe that the individual should be considered a definite biopsychosocial entity, and all aspects of this entity should be analyzed in a specific problem" [74] . Peptic ulcer-once thought to be exclusively driven by stress, anxiety, and mood states-provides a snapshot of the complexity of microbe-host interactions and an illustrative example of the broader arguments we will later make concerning the clinical relevancy of ecosystems. In an early signpost to the microbiome revolution that would unfold decades later, it was proven in the 1980s that the microorganism Helicobacter pylori, and not stress, is the causative agent in most cases of peptic ulcer [75] . In a remarkable twist, the influence of H. pylori on disease does not begin and end with ulcer; H. pylori (presence or, indeed, lack of exposure thereof) is now implicated in many of noncommunicable diseases (NCDs) that were at one time considered to be psychosomatic (including, but not limited to, migraine, diabetes, rheumatoid arthritis, autoimmune, and asthma/allergic diseases) [76] [77] [78] [79] .
In further support of our central tenet that clinical medicine will increasingly concern itself with microbial ecosystems, the direction of association between H. pylori and disease is not always toward its presence as being pathogenic. It is clear that Helicobacter pathogenicity is strain dependent. The eradication of H. pylori and lack of exposure International Journal of Biodiversity 5 in early life may actually take away a layer of protection against subsequent development of NCDs such as asthma and atopic disease [80, 81] . As we will discuss later, H. pylori may be but one surrogate marker of the seemingly rapid change in relationships between modernized humans and their microbial ecosystems.
As with many aspects of clinical medicine, especially those that involve microbes, the story of H. pylori and ulcer is also complicated by the questions surrounding host vulnerability, which translates back to the psychoecological interacting with the biological [82] . While H. pylori is a provocateur of duodenal ulcer, why is it that every human carrier of the microorganism, that is, more than 50% of us, does not succumb to ulcer? How might psychosocial and, perhaps more importantly, ecological factors alter the terrain and influence virulence? Furthermore, what are the consequences of attempting to eradicate a microbe that has coevolved with humans in a generally peaceful manner [83] ? What are the consequences of loss of contact with other microbes with which humans coevolved [84] ?
It becomes difficult to answer these questions through the vantage point of a strictly biomedical model. Moreover, as we will argue in more detail later, lack of reference to ecology ("eco" from Greek roots o o ; oikos; house/dwelling place) in the term biopsychosocial diminishes the importance of the larger environment and ecosystems relevant to human health. The intestinal, cutaneous (and other) microbial ecosystems that may be targeted in clinic are not detached from the microbes encountered (and manipulated) by the lifestyles of patients. They are a product of the activities within the larger "dwelling place." We will propose that the relationship between the microbiome and mental health, and its future clinical therapeutics, can only be truly understood through a bio-eco-psychological lens.
Microbiota and Mental Health: Preclinical
In 2004 a Japanese group reported that gene expression levels of brain derived neurotrophic factor (BDNF) were lower in the hippocampus and the brain cortex of germfree (GF) animals versus specific-pathogen-free animals. The study also showed that GF mice had enhanced hypothalamicpituitary-adrenal (HPA) axis activity following acute stress. Importantly, the exaggerated HPA stress response in GF mice was reversed by reconstitution with the beneficial microbe Bifidobacterium infantis. Thus, it demonstrated that normal commensal microbes are influencing brain structure and function that microbiota are involved in programming the stress response and that, in certain situations, a single strain of beneficial bacteria might have far-reaching effects in early life [85] .
Over the last several years, volumes of international studies using rodents and various experimental approaches have established essential foundational research to support the idea that microbes matter to mental health. The collective body of preclinical work has been the subject of many detailed reviews [86, 87] . Mechanistic pathways whereby commensal (or beneficial microbe application) could potentially influence mood and fatigue were originally presented over a decade ago [88, 89] . These are outlined in Figure 1 .
At least one direct pathway between gut and brain communication via microbes has been identified as the vagus nerve; on the one hand, this pathway can promote anxious behavior among animals following even minor exposure to pathogenic microbes or induced intestinal inflammation. On the other hand, the vagus nerve can facilitate anxiolysis following supplementation with beneficial microbes [90, 91] . Yet, there are other pathways too; although extinguishing vagal communication can negate the gut-brain benefits of beneficial microbes in certain situations, there is also evidence that probiotics can positively influence behavior independent of vagotomy [92, 93] .
Rodent GF models demonstrate that the manipulation of microbiota can impact rodent anxiety-and depression-like behavior. For example, when GF BALB/c mice are colonized with microbiota derived from NIH Swiss mice, behavioral changes are noted. In BALB/c mice the changes include a wider range of exploration and signs of increased risk taking. Ordinarily, BALB/c are less likely to explore and take risks in comparison with normal NIH Swiss mice. Reverse behavioral outcomes were also noted, displays of apprehension, when NIH Swiss mice were colonized with the BALB/c microbiota [94] .
Separate studies involving fecal transfer demonstrate the importance of diet at the bio-psycho-ecological interface. For example, when the fecal material from mice raised on a high-fat diet was transferred to healthy, normal weight mice, the recipient animals displayed cognitive deficits and signs of anxious, stereotypical, and repetitive behavior [95] . On the other hand, systemic nutritional status, including tissue levels of essential fatty acids, can influence the production of intestinal alkaline phosphatase (IAP); this enzyme can control microbial diversity, lipopolysaccharide production, and gut permeability [96] . Indeed, many of the experimental benefits of probiotics in the context of brain and behavior may be mediated by their ability to attenuate intestinal permeability (IP) [97] .
There are many other potential microbially connected pathways that could contribute to mental health. The role of microbiota in circadian rhythm regulation (and vice versa) is an emerging area of scientific interest [98, 99] . In experimental studies probiotics can upregulate oxytocin [100] , a neuropeptide hormone implicated in mood/anxiety and one that can influence both IP and circadian rhythm control [101, 102] .
Human Microbiota, Mental Health
Although much more research is required, recent studies have provided evidence of dysbiosis in major depressive disorder (MDD) [103, 104] . In a recent study the transfer of dysbiotic microbiota derived from patients with MDD to GF mice induced behaviors indicative of depression and also produced disturbances in host metabolites involved in carbohydrate and amino acid metabolism. The behavioral and metabolic changes were distinct from those observed after colonization of GF mice with microbiota derived from healthy human donors [105] .
Interestingly, a recent population study found clear associations between antibiotic treatment and the risk of depression and anxiety, a relationship that was largely dose-dependent [106] . In addition, there are also indications that the intestinal barrier may be compromised in depression [107, 108] , thus providing theoretical support for the idea that systemic access of gut-microbe-derived endotoxin can International Journal of Biodiversity 7 provoke low-grade inflammation and subsequent alterations in mood [109] .
At this point it is unclear if the dysbiosis and so-called "leaky gut" are a cause or consequence of depression, or both. The same applies to the many other conditions (in which compromised mood is often a hallmark symptom) where dysbiosis and IP have been implicated; these include, but are not limited to, obesity [110] , type 2 diabetes [111] , alcohol dependence [112] , chronic fatigue syndrome [113] , fibromyalgia [114] , and cardiovascular disease [115] . Preliminary studies are demonstrating links between gut microbial diversity and brain structure and function in obese and nonobese populations [116] .
Several human intervention studies have demonstrated the potential value of nonpathogenic microbes-delivered orally in the form of capsules or in association with fermented beverages-on stress, mood, and anxiety [117] [118] [119] [120] [121] [122] [123] [124] [125] . These encouraging studies have generally included healthy adults or nonpsychiatric clinical samples where the endpoints involved mood changes. However, a small but well-designed study has recently shown benefit of a probiotic in MDD. Specifically, patients taking a blend of Lactobacillus acidophilus, Lactobacillus casei, and Bifidobacterium bifidum for 8 weeks had significantly reduced Beck Depression Inventory (BDI) scores versus placebo (−5.7±6.4 versus −1.5±4.8, = 0.001). In addition, there were decreases in serum insulin, highsensitivity C-reactive protein, and elevations in plasma total glutathione [126] .
Additional clinical studies have been identified at clinical trials registry websites. These include ongoing studies involving probiotics in the treatment of bipolar depression [127], obsessive-compulsive disorder [128], attention-deficithyperactivity disorder [129] , and MDD where both groups will receive antidepressant monotherapy in addition to a probiotic or placebo [130] . Within the next several years there should be further insight into the clinical utility of various beneficial microbes.
The existing and ongoing clinical trials are supported by aforementioned experimental studies that provide insight into mechanistic pathways; multiple human studies also demonstrate the value of beneficial microbes as a potential means to address the neuroprogression (biological markers) associated with depression and other mental disorders. For example, human studies indicate value of microbes in reducing systemic C-reactive protein [131] , shifting toward a less inflammatory cytokine profile [132] , reducing systemic oxidative stress [133] , and elevating glutathione levels [134] . Studies involving foods and beverages inclusive of beneficial microbes (and/or foods transformed by microbial fermentation or fiber capable of shifting microbial ecology) have also demonstrated beneficial effects on gene expression and various objective markers of stress physiology [135] [136] [137] . In addition, intriguing studies using functional brain imaging have shown that fermented foods can influence brain activation in ways that might be deemed to provide benefit in emotional regulation [138] .
Important to the argument that beneficial microbes can influence mental health are studies demonstrating improved quality of life (QoL) in healthy adults [139] and in those with NCDs that often present with mood-associated symptoms [140] [141] [142] [143] [144] . Although it is easy to lament the absence of research involving beneficial microbe administration in patients with specific mental disorders, the research on QoL is not irrelevant. For example, low QoL and the absence of eudemonic well-being are predictive of depression [145] . For now, it can only be concluded that the current body of human research is limited, but encouraging.
Biodiversity, Mental Health, and Immune Dysregulation
Ecology in the context of public and clinical health is far more than potentially harmful agents such as synthetic chemicals, a point emphasized by microbiologist Rene Dubos in his landmark World Health Organization address on "Human Ecology" (1969):
It is to be hoped that a time will come when human ecology will be able to pay greater attention to the positive and beneficial effects of the environment than to its pathogenic effects.
In his address Dubos was deeply concerned with what might be missing in the modern, urbanized environments [146] .
As one of the earliest researchers focusing on the farreaching consequences of alterations to intestinal microbiota, Dubos was also mindful of the place of microbes in the ecosystems of life (1963):
Animals and man have evolved in intimate association with a complex microbial flora. It is to be expected therefore, that many characteristics of their anatomical and physiological development reflect this evolutionary past and are the manifestations of tissue responses to the microflora [147] .
Again, with an eye toward what might be missing in modern urban westernized societies, Dubos suggested that a loss of diverse microbial contact in early life (though modernized lifestyle and sanitary habits) could have untold consequences in the long-term functioning of the human immune system [148] . This was almost two decades before the development of the hygiene and microbial deprivation hypotheses. These propositions, along with other similar theoretical variants, suggested that dramatic increases in allergic disease-one of the fist NCDs to present itself in the life course-could be associated with lack of early exposure to pathogenic and evolutionary critical commensal microbes.
Specifically, loss of microbial diversity via increased hygiene, encroachment of highly processed foods, antimicrobial overuse, and diminished contact with natural environments could have far-reaching and long-lasting immune consequences [149] . The complex interactions between highly overlapping allergic, mental health, and gastrointestinal diseases may be mediated by microbial exposures (or lack, thereof) in early life [37, 150] . The most potent potential for therapeutic targeting of the microbiome may be during this time.
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International Journal of Biodiversity Landmark reviews, including the 2015 WHO State of Knowledge Report, have underscored the importance of biodiversity (defined as the variety of species, their genetic contribution, and the ecosystems they form) in the promotion of human health [14] . Although humans have only catalogued a small percentage of species on Earth, available evidence indicates that marked reductions in biodiversity are now commonplace [151] . Microbes are critical to the ecosystems that sustain life [152] .
The benefits of natural environments-often discussed as "green or blue space"-appear to be particularly strong for mental health [153] and to some degree may be explained via immediate appreciation of scenic aesthetics, opportunity for physical activity, and strengthening of social capital [154] . There are hints that overall biodiversity may be a specific driver of enhanced well-being in various natural environments [155] [156] [157] [158] [159] [160] [161] . The mechanisms behind this link are not understood. Since the bark of trees, leaves, and soil are reservoirs of rich microbial diversity, spending time in natural environments, or residing near them, could increase the likelihood that one might encounter unseen biodiversity [162] [163] [164] [165] . These microbes found in natural environments can be readily dispersed in the air [166] [167] [168] [169] .
Some researchers have theorized that microbial biodiversity encountered by contact with natural environments, especially early in life, may be a critical addition to the known health benefits provided by nature and overall biodiversity [170] . This viewpoint is known as the biodiversity hypothesis: "Biodiversity loss leads to reduced interaction between environmental and human microbiotas. This in turn may lead to immune dysfunction and impaired tolerance mechanisms in humans" [171] . Given the immune-mental health connection, and the overlaps between allergic diseases, depression, and functional gastrointestinal disorders, it is no longer difficult to theorize a place for nonharmful environmental microbes in brain and behavior [172, 173] .
The WHO supports this position and sews together ecology, immunology, and medicine in its recent Biodiversity Report:
Reduced contact of people with the natural environment and biodiversity, and biodiversity loss in the wider environment, leads to reduced diversity in the human microbiota, which itself can lead to immune dysfunction and disease. Considering microbial diversity as an ecosystem service provider may contribute to bridging the chasm between ecology and medicine/immunology, by considering microbial diversity in public health and conservation strategies aimed at maximising services obtained from ecosystems [174] .
An additional line of support is from studies that have found early life microbial exposures among those living traditional lifestyles to be associated with a diminished allostatic load (e.g., the inflammatory marker C-reactive protein) when under stress later in life [175] . Again, this suggests that diverse microbial contacts early in life, including those not found in more sanitized/westernized environments, can have long-lasting influences. These signals may interact with lifestyle habits, including time spent outdoors and dietary practices.
Individuals who maintain traditional, nonwesternized lifestyles have higher diversity of gut microbiota [176] , and they also differ in their higher frequency of soil microbes found on their hands [177] . It is becoming increasingly clear that dietary factors are not the exclusive road to diversity of human-associated microbes [178] [179] [180] . Remarkably, the examination of fecal samples provided by adults living in isolation from western influences shows that approximately 50% of metagenomic reads are considered "microbial dark matter" (i.e., unidentified microorganisms) [176] . These reads are significantly larger than those observed in westernized adults; the implications are that westernization and urbanization may lead to microbial extinction, or, at the very least, massive underrepresentation (Figure 4) .
Given the links between microbial diversity and lowered risk of NCDs, this should be of great concern. Antibiotic overuse is a clear threat to microbial diversity [181] . Contemporary home construction may also be separating humans from airborne microbiota dispersed from natural environments [182] . Sanitary lifestyles may be influencing the diversity of human-associated microbes. Even practices such as the use of dishwashing machines (versus hand washing) [183] and frequent vacuum cleaning [184] may be influencing our contact with microbial diversity.
Emerging research has found differences in cutaneous microbiota among rural versus urban adults [185] . European researchers recently reported that the level of green space and biodiversity of vegetation surrounding one's residence is connected to diversity of select bacteria on the skin and diminished likelihood of allergic responses to common allergens. The amount of greenness surrounding the primary residence appears to be a key driver of commensal skin bacteria [186, 187] .
The influence of one key microbial family (Gammaproteobacteria) residing on the skin was identified as potentially antiallergenic, and its influence may be far reaching. For example, a particular species within that family, Acinetobacter lwolffii, induced anti-inflammatory gene expression in vitro. More importantly, when injected intradermally in vivo it protected against atopic sensitization and lung inflammation [188] . The systemic effects of diverse commensal cutaneous microbes may be untold.
Since the dermis is not a complete barrier, but rather a filter to microbial access to deeper dermal stroma [189] , we can speculate that cutaneous microbes (a product of environmental diversity) may indeed influence aspects of the systemic immune system, including those that influence brain and behavior. Remarkably, the intranasal administration of Acinetobacter lwoffii F78 (a strain common to farm settings, alluded to earlier) prenatally protects against the development of allergic phenotypes in the next generation of mice [190] .
Acinetobacter is surely not alone as a health-relevant microbial indicator of reduced contact with biodiversity. Another environmental microbe under increased scrutiny is Mycobacterium vaccae, a generally nonpathogenic microbe commonly found in soil and water [191] . Viable Mycobacterium vaccae added to the diet has recently been shown to improve cognition and reduce experimental signs of anxiety in a rodent model [192] .
The subcutaneous administration of heat-inactivated M. vaccae has been shown to influence serotonergic neurons in the CNS of animals [193] . Moreover, emerging evidence also indicates that heat-inactivated M. vaccae can enhance fear extinction (suggesting possible efficacy in conditions such as posttraumatic stress disorder), improve stress coping, and prevent dysbiosis in animal stress models [194, 195] . Potential mechanisms include a suppression of proinflammatory cytokine production. Given that the Earth is home to upward of 1 trillion microbial species [196] , it is safe to say that there are many different environmental microbes that may be proven to be therapeutic.
These experimental studies allow for speculation that altered microbial contact might be one mechanism behind the association between neighborhood tree losses and increased risk of NCD over time. For example, the invasive beetle (Agrilus planipennis; emerald ash borer) has been responsible for the mortality of over 100 million trees in northern parts of the USA, and the losses are linked to subsequent increases in cardiovascular disease and lower respiratory tract infections [197, 198] . There are indications that such losses are associated with decreased time spent outdoors [199] . Thus, altered microbial contact may be a product of vegetative biodiversity loss through direct and indirect pathways.
Is Clinical Ecology the Future of Medical Practice?
The tendency to disregard ecology in medical research may have far reaching consequences. For example, it facilitates the interpretation of the 'environment' as 'psychosocial environment'. The study of the environment is then implicitly relegated to psychology and social science. No wonder then that mental illness, in the orthodox view, gets a biological interpretation which skimps ecology (van der Steen and Thung; in Faces of Medicine: A Philosophical Study, 1988 [200] ).
Advances in the study of the microbiome, including the quest to define what may constitute human microbial "normalcy" in the modern era and the functionality of microbes, have allowed for an entirely new vision of what the future of clinical medicine might look like. Evidence suggests that there is significant variability in the microbiota composition of healthy adults [201] . However, this does not diminish the idea that clinical prevention and therapeutics will be one in which ecology is a key word.
Addressing the microbiota through dietary manipulation, probiotics, prebiotics, bile acid modification, and nextgeneration antibiotics holds significant promise in the clinic (West, [202, 203] ). It is even possible that fecal microbiota transfer (FMT) might extend its clinical reach beyond its current focus in Clostridium difficile infection. Preliminary studies have begun to evaluate its usefulness in neurological conditions, including multiple sclerosis and Parkinson's disease [204] .
The use of advanced tools, including whole genome sequencing of microbial isolates and communities, is not only determining which specific strains of microbes (beneficial and pathogenic) might be key players in health and disease; they are shedding light on the ways in which select commensal groups can influence these single-strain-related outcomes [205] . This will move clinicians beyond the rudimentary use of probiotics. With the assistance of computational biologists and mathematicians, it is realistic to visualize the marriage of metadata derived from large cohorts to smaller-scale intervention studies to provide the specificity required for clinical translation [206] .
In the context of mental health, metagenomic (the genomic analysis of microbial DNA from communities in environmental samples) and proteonomic (examining protein activity to understand disease) analyses will surely provide tremendous intelligence concerning the microbial role in the short and long-term state of the host; prevention and intervention strategies could sit along the continuum between QoL to major mental disorders. Metabolomic (characterization of small-molecule metabolites in biological systems) approaches in the measurement of microbial-generated metabolites, including those related to dietary interventions and pharmacotherapy, will almost certainly help guide clinicians via objective markers that can help determine the most appropriate clinical interventions in the context of personalized medicine [207, 208] .
There is now evidence that healthy dietary patterns are associated with reduced risk of depression and that generally such dietary patterns are supportive of microbial diversity [209] . The interaction between diverse microbiota, pharmaceuticals, and dietary supplements will be clinically relevant. Psychotropic medication may influence or be influenced by microbiota [210] . Visualizing ecology for the psychopharmacologist may involve the microbiota as a mediator of propensity to gain weight with use of psychotropic medications. Antidepressant and antipsychoticinduced weight gain is common and may present a barrier to adherence [211] ; could subclinical detection of gut microbial biomarkers [212] , knowledge of certain microbial profiles [213] , and/or microbe-based interventions help attenuate medication-induced weight gain? Moreover, could they actually enhance clinical outcomes?
Researchers are inching ever closer to identifying commensal bacterial genera that may be contributing to NCDs by their relative absence in very early life [214] . In the context of bio-eco-psychological medicine and the DOHaD construct, the application of these so-called "missing microbes" may hold their greatest promise when applied as a prevention/early intervention approach to the microbiome. Clinical ecology may involve microbial seeding at birth and throughout the lifespan.
However, it is very difficult to imagine addressing largescale NCD-related dysbiosis with effective microbial solutions that are independent of the structures driving dysbiosis in the first place. This may be especially true in the case 10 International Journal of Biodiversity Figure 3 : Grey space is defined as areas with disproportionately higher industrial and commercial activity, major transportation routes, bars, liquor stores, convenience stores, fast-food outlets, and tobacco vendors. Noise stress, excess light at night, and presence of marketing drivers, billboards, sidewalk signage, and targeted screen media delivery, push a dysbiotic drift. Higher levels of grey space and less equitable access to green space (biodiversity) are an oftenoverlapping burden in disadvantaged populations (image: Susan Prescott). Figure 4 : The road to dysbiotic drift: factors shown to negatively influence microbiota in either human and/or experimental studies are associated with urbanity and sit on an SES gradient slanted toward disadvantaged populations (see [16] ; image: Susan Prescott). of mental disorders. Lack of equitable access to biodiversity/green space, immersion in grey space, and the marketing forces that drive a "dysbiotic lifestyle" are not without clinical consequence (Figure 3 ). Therefore, clinical ecology will brush against larger public health and policy initiatives that can prevent dysbiosis at upstream points.
Supplemented to biomedical microbial (probiotic) interventions at the personal level, 21st-century ecology may involve directed exposure of patients to natural environments or manipulation of built and/or indoor environments to enhance exposure to (what may be determined as) keystone species/strains of environmental microbiota. Indoor built environments have "bacterial signatures" based on specifics such as human gender and/or pet occupancy [215] . Further research is required to determine what constitutes a signature of health; with more clarity on that score, ventilation or other more specific airborne exposure techniques may be used to promote health.
The extent to which appropriate public health messaging concerning hygiene meets with blanket fear of all microbes (and the marketing-driven overuse of antimicrobial products) is also an area ripe for clinically relevant research [216] . In the meantime, available evidence certainly supports educating patients on the value of connecting with local "backyard" biodiversity, even in urban settings [217] . Efforts to increase an individual's daily exposure to outdoor biodiversity have been reported to increase personal well-being and overall health [218, 219] .
Conclusion
Advances in microbiome research have influenced every branch of science and medicine. In many ways the evolving science has unified distinct disciplines. Although we still have much to discover, it seems inevitable that personalized medicine will take place in the setting of a new clinical ecology. In this context the external neighborhood (literally, the lifestyle and biodiversity within and around one's area of dwelling) matters to the ecosystems of the skin, intestinal, and other anatomical neighborhoods.
It is becoming clear that evolutionary-rooted relationships between microbiota and host-many mediated at the interface of the immune system-are intertwined with the global burden of NCDs. These NCDs commonly involve chronic, low-grade inflammation and may be referred to as diseases of dysbiotic association [33] . Emerging evidence, both experimental and human, suggests that the microbiome may be a clinically relevant factor in mitigating the neuroprogression associated with mental disorders and subsyndromal variants.
During the last fifty years, the culturally driven pendulum of medical thought concerning many chronic illnesses has swung between dominant psych-to-soma viewpoints and purely biomedical outlooks. Microbial ecology in the clinic (and in the minds of bench scientists generating the discoveries upon which clinicians rely) and the local ecosystems that surround patients may be the ideal meeting place between psychology and biomedicine. It is at this interface that the term "terrain" becomes illuminated. Here it is possible to reconcile the unknowns of why the presence/absence of psychological stress together with the presence/absence of select microbes/microbial communities cannot always explain disease and hence, our bioecopsychological emphasis, wherein ecology is placed as a crucial connector.
Whether a patient arrives for a preventative or therapeutic visit, it is likely that evidence-based clinicians will increasingly see this holistic perspective. Academics are already calling for microbiology and ecology to have an elevated place in mandatory undergraduate premedicine requisites [220] and the integration of biodiversity, ecological health, and ecosystem services within the course curriculum of doctorate of medicine programs [221, 222] . How do pharmaceutical interventions, dietary advice, physical activity recommendations, sleep hygiene suggestions, and a host of other considerations that brush up against lifestyle medicine impact ecosystems? Conversely, how does the microbiome influence so many aspects of prescriptive clinical medicine?
Modern clinicians will be increasingly reliant upon cutting edge algorithms and metabolomics-driven blood and urine tests for diagnostics/treatment; however, they will need to understand the psychological and ecological factors that could impact successful outcomes. Approaching patients from the holobiont perspective, even now, forces hard questions concerning lifestyle and behaviors that might contribute to dysbiotic drift. The individual is not detached from the ecological theatre in which they reside. Therefore, bio-ecopsychological approach will assuredly lead to increased efficacy of the biotechnical approaches that are on the horizon.
Existing research thus indicates that although the future of medicine will be personalized, it is likely to occur with an emphasis on the contextual framework involving broad ecosystems. While the World Health Organization rightly maintains that there is "No Health Without Mental Health," in the larger scheme there is in reality "No Health Without Ecological Health." Put simply, there can be no personal or planetary health without diverse ecosystems operating both on and within the body and also in the larger sense as fueled by biodiversity.
From this perspective there will be an increased need for clinicians to play a larger role in the way they might see patient care. A recent commentary in the Canadian Medical Association Journal states the following:
Some physicians shy away from engaging with wider social issues, focusing instead on the individual patient. However, when it comes to action on climate change, such a position becomes untenable given that many of the measures that could mitigate harmful environmental effects would also be of direct benefit to individual health [223] .
The links between climate change and biodiversity loss are obvious. We would extend this prescriptive commentary to include grey space, lifestyle variables, inequalities in access to biodiversity, and the policies that either drive ecological inequalities or, at the very least, leave them in place. These, too, in the context of "missing microbes," could possibly mitigate large-scale environmental influences on individual health. As we have emphasized, there is much more to learn; however, the line between the ecosystems at the global level and the ecosystem sitting on a single intestinal villus is a short one.
Dubos maintained that medicine with ecology in mind must maintain awareness of the ecosystems of today. He was deeply concerned that medical philosophy was not attendant enough to the early origins of health and disease and short-sighted policies that ripple into multigenerational ill-health [224] . His concerns are no less relevant today as we seek solutions to antibiotic overuse, biodiversity loss, ultraprocessed foods, and a pandemic of chronic, NCDs.
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